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The influence of an in situ hydrogen plasma pre-treatment on the modification of native oxides of GaSb
surfaces prior to atomic layer deposition (ALD) is presented. The effects of varying rf-plasma power,
exposure time, and substrate temperature have been characterized by atomic force microscopy (AFM),
ex situ X-ray photoelectron spectroscopy (XPS), as well as capacitance-voltage (C-V) measurements on
fabricated devices. Results indicate that a completely oxide free surface may not be necessary to produce
a good electrical interface with a subsequent ALD Al, O3 dielectric; the most effective hydrogen plasma
treatments resulted in the absence of Sb-oxides, a reduction in elemental Sb, and an increase in the
Ga, 03 content at the interface. The use of an in situ hydrogen plasma pre-treatment eliminates the need
for wet chemical etches and may also be relevant to the deposition of other high-k dielectrics, making it

TMA a promising technique for realizing high performance Sb-based MOS-devices.
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1. Introduction

[II-V compound semiconductors are attracting widespread
attention as an alternative material to Si in advanced comple-
mentary metal-oxide-semiconductor (CMOS) applications; their
high electron and hole mobilities, as well as relatively narrow
bandgaps make them increasingly attractive for high-speed, low
power applications [1-4]. A significant amount of work already
exists on n-channel IlI-V metal-oxide-semiconductor field-effect
transistors (MOSFETs) demonstrating excellent electron mobility
and high drive currents [4-7]. However, hole mobility in II-V p-
channel MOSFETSs typically lags in comparison to Si [6]. Among the
[1I-V semiconductors, GaSb is a promising material for both n- and
p-channel devices due to its high electron and hole mobilities (bulk
mobility ~6000 cm?/Vs and 850 cm?2/Vs, respectively), which are
found to be amongst the highest of the IlI-V semiconductor mate-
rials [6]. However, the poor quality of the gate oxide/GaSb interface
has limited the use of GaSb in microelectronics. Unlike the silicon-
silicon dioxide interface pair, the native oxide found on GaSb is
complex in structure and composition, forming heavily defected
interfaces that pin the semiconductor Fermi-level near midgap and
limit the device’s ability to modulate charge.

The increasing need to integrate high-k dielectric thin films
into CMOS structures has led researchers to turn to atomic layer
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deposition (ALD) for insulator growth. ALD is a gas phase depo-
sition technique that utilizes self-limiting chemistries in order to
produce thin solid films with excellent atomic-level thickness con-
trol [8]. ALD is widely accepted as a means to produce high quality
films over large surface areas with excellent uniformity and confor-
mality [8,9]. These key attributes are inherent to the self-limiting
nature of the ALD surface reactions: alternating reactant exposures
of two gaseous precursors create a saturated chemisorbed surface
which leads to film growth one sub-monolayer at a time [8]. The
sequential behavior of the precursor exposures helps avoid the
formation of gas-phase particles and creates thin, continuous,
pin-hole-free films that are critical to the operation of CMOS
devices. Therefore, particular attention should be focused on the
development of techniques to form low-defect interfaces between
II-V surfaces and high-k films deposited by ALD.

GaSb is known to have a highly reactive surface [10-12]. On
exposure to air it will form a complex native oxide composed of
not only Sb-oxides and Ga-oxides, but elemental Sb as well [12,13].
Therefore, a significant effort has been focused on surface prepa-
rations prior to ALD that remove native oxides and passivate GaSb
atoms in order to ensure the best possible interface [14]. Current
approaches for oxide removal primarily consist of wet etches, such
as HC1[6,7,10,12,15], HF [15], (NH4),S [13,16], and NH,OH [15,16];
however, due to the rapid re-oxidation of the GaSb after oxide
removal and a general lack of reproducibility, a better means of
interface cleaning is desirable. Recent progress in the field of ALD
on IlI-Vs has led researchers to a proposed “self-cleaning” mech-
anism through the use of the ALD precursor trimethylaluminum
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(TMA), in which the native oxides are consumed during the initial
TMA half-cycle [6,12,16-19]. While effective, this process has not
been proven to be standalone for oxide removal, as it is typically
preceded by a wet chemical etch that removes the bulk of the native
oxide. Alternatively, hydrogen (H,) plasma cleaning has been con-
sidered a potential candidate for efficient low temperature oxide
removal from III-V semiconductors during molecular beam epitaxy
(MBE) regrowth processes [20-23]. Under appropriate conditions,
it has been shown that H,-plasma treatments in ultra-high vacuum
can result in high quality, defect-, impurity-, and oxide-free GaSb
surfaces [19,20]. These observations suggest the usefulness of a H,
plasma process for surface preparation prior to ALD, as well; how-
ever, to fully utilize this potential requires a full understanding of
the oxide removal process and its effect on surface composition and
roughness of the remaining surface.

In this work, we first evaluate the effectiveness of TMA as a
standalone process by investigating the removal of native oxides
on GaSb surfaces that have undergone no additional wet chem-
ical treatment. Subsequently, we examine the use of an in situ
H, plasma pre-treatment as a means to obtain a suitable electri-
cal interface prior to the deposition of high-k Al,03 films on GaSb
substrates via plasma-enhanced ALD (PEALD). Ex situ X-ray photo-
electron spectroscopy (XPS) and atomic force microscopy (AFM), as
well as capacitance-voltage (C-V) measurements, were performed
to establish the effect of the rf-plasma power, substrate temper-
ature, and plasma exposure time on the growth interface. Results
indicate that a completely oxide-free surface may not be necessary
to produce a good electrical interface.

2. Experimental

Epitaxial layers of GaSb (p-type, Be-doped 2 x 1017 cm~3) were
grown via molecular beam epitaxy (MBE) on bulk GaSb (100) wafers
(unintentionally doped p-type). The substrate temperature was
460°C, and the growth rate was 0.5 monolayers/s. Growth inter-
rupts were used to ensure a smooth surface. The recipe was 55
repeats of 60 s GaSb/20s Sb, interrupt, yielding 500 nm of GaSb.

Samples were allowed to oxidize in air at room temperature
for one day and then cleaved into 3 mm x 5 mm pieces. Samples
were loaded into a Beneq TFS-200 ALD viscous flow-type reactor
equipped with a UHV load-lock chamber and setup in a remote
plasma configuration. Plasmas were generated by capacitive cou-
pling using a 13.56 MHz rf-power source. The distance between
the sample and the grid, which acts as the bottom electrode, was
4cm and ensured that samples were not in direct contact with
the plasma. The H; plasma pre-treatment was typically performed
using a rf plasma power of 50W at a substrate temperature of
150°C for 10 min, with the exception of when a plasma parame-
ter was being investigated. Hydrogen gas (99.999%) was mixed with
argon (99.999%) to ensure plasma ignition. The hydrogen and argon
gases had flow rates of 20 sccm and 140 sccm, respectively. Dur-
ing plasma processing, the pressure within the reaction chamber
was 1.5 Torr. After plasma exposure, samples were coated with 6 .-
pulses of the ALD precursor, trimethylaluminum (TMA). All TMA
exposures were done at 150°C and each p-pulse was 150 ms fol-
lowed by a 1s argon purge to remove potentially reactive species
from the reaction chamber.

Samples were unloaded from the ALD reactor and analyzed
using an ex situ monochromatic X-ray photospectroscopy (XPS)
with an Al Ka source in order to assess the subsequent surface
chemistry. XPS spectra were fit with Thermo Avantage software
using a Shirely baseline and corrections were made for charge
shifting when the C 1s peak was not found to be at 285 eV. Investi-
gations of the resulting surface morphology were performed using
an ex situ Digital Instruments Atomic Force Microscope (AFM)
(MultiMode™ NanoScope® 1V) in tapping mode with Si tips. AFM

scans were taken over areas of 1 um x 1 um, 4 wm x 4 um, and
10 wm x 10 pm.

To assess the electrical quality of the oxide/semiconductor inter-
face, p-type GaSb (100) MOS capacitors were fabricated with
high-k Al,03 deposited via PEALD from TMA and oxygen plasma.
Al, 05 films were deposited at a substrate temperature of 150°C on
H, plasma treated GaSb epilayer surfaces for 100 cycles, resulting
in film thicknesses of ~16 nm. Film thicknesses were verified using
in situ ellipsometry on concurrent silicon wafers. After the dielec-
tric deposition, samples were annealed in a forming gas mixture of
9:1N3/H; at 350 °C for 30 min. MOS capacitors were fabricated and
consisted of a Ti/Au (100/1000 A) e-beam evaporated top gate, an
oxide mesa defined using aqueous 10:1 buffered oxide etch, and
a Pd/Pt/Au (120/100/1000A) e-beam evaporated top-side ohmic
substrate contact. Frequency-resolved capacitance-voltage (C-V)
measurements were acquired using a semiconductor characteriza-
tion system at room temperature.

3. Results
3.1. TMA vs H, plasma

TMA half-cycle exposure has often been cited as a means for
“self-cleaning” IlI-V surfaces prior to Al,O3 ALD [16,18]. However,
its effectiveness as a standalone process, without prior use of wet
chemical etches, has yet to be demonstrated. Furthermore, since all
samples in this study were exposed to a TMA-passivation following
the H, plasma treatment, it is important to understand the role of
the TMA precursor in the oxide removal. Therefore, we compared
the use of TMA without a wet chemical treatment, a H, plasma
without TMA, and the combination of a H, plasma followed by
exposure to TMA.

Fig. 1 displays XPS Sb 3d and Ga 3d core level spectra associ-
ated with the as-grown GaSb epilayer covered with a native oxide
layer consisting of Sb-oxides and Ga-oxides as indicated by a shift
to higher binding energies with respect to the “bulk” substrate fea-
tures at 528 eV for Sb 3ds), and 19.1 eV for Ga 3d [11,16]. Detailed
non-linear curve fitting for both the Sb 3d and the Ga 3d core levels
(Fig. 1) indicates that Sb-oxide appears in the +4 (Sb,04) valence
form, which is a mixture of both Sb,0s5 and Sb,03 [11], and Ga-
oxide is comprised of both the +1 state (Ga;0) and the +3 state
(Gay03), with peak positions found at 530.5eV (Sb;04), 20.1eV
(Gay0), and 20.7eV (Gay03) [11,18]. The AFM image of Fig. 3a
demonstrates the amorphous quality of the native oxide of the
untreated GaSb surface, with an RMS roughness of 0.67 nm.

TMA-only samples were exposed to 6 p-pulses of the TMA
precursor (less than 1 s total exposure time) in order to ensure com-
plete surface saturation. XPS spectra from this sample are plotted
in Fig. 2b, with the as-grown epilayer data repeated in Fig. 2a for
comparison. As evident by both the Sb 3d and the Ga 3d spectra, a
considerable amount of oxide is left on the surface after TMA expo-
sure. While oxide clearly remains, it is believed that overall, the
native oxide was reduced by the TMA as indicated by the obser-
vation of an Al-O peak in the Al 2p spectra (not shown here), as
well as the appearance of atomic terraces seen in the AFM image of
Fig. 3b. The underlying principle of ALD is that it is a self-limiting
process: once the surface is saturated with TMA, no more precursor
can be adsorbed. Since there was no oxidizer half-cycle, the oxygen
in the Al—0 bonds had to come from a ligand exchange between the
GaSb native oxide and the TMA precursor. Once the initial layer of
Al;03 was formed, no further reduction of the native oxide could
take place by additional exposure to TMA, limiting the “clean up”
effect of the TMA to only the first few monolayers. This is especially
critical in the GaSb system, since the native oxide is on the order of
3-5nm[10,11] thick, which is considerably greater than that found
on Si.
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Fig. 1. Detailed non-linear curve fitting of both the Sb 3d and the Ga 3d XPS core level spectra of the untreated as-grown GaSb epilayer.

In contrast to the TMA treatment, samples exposed to a 50 W,
150°C H; plasma pre-treatment for 10 min (Fig. 2¢) exhibit com-
plete removal of Sb, 04 with an unexpected increase in Ga;03. Note
that the peak found at binding energy 531.5eV in the Sb 3d spec-
tra is due solely to the O 1s and not an oxide shifted Sb 3ds; core
level [16]. For this peak to be associated with Sb-oxide there would
have to be a companion Sb 3ds, feature as seen in the untreated
and TMA exposed samples. Furthermore, subsequent TMA expo-
sures following a H, plasma pre-treatment (Fig. 2d) do not appear
to have any added influence in the removal of Ga-oxides. However,
the slight decrease in the Sb 3d core level and Ga 3d GaSb peak
intensities can be attributed to thicker Ga, 03 and AlOy over-layers.
While TMA treatments may be effective at removing several mono-
layers of native oxide, as evident by the presence of atomic terraces
in Fig. 3b, exposure to a H, plasma prior to TMA is effective at both
structurally and chemically transforming the native oxide layer, as
evident by XPS.

Although TMA has been shown to be limited in the removal of
native oxides from the GaSb surface, it has proven to be a good
passivant. Hydrogen plasma treated samples, free of Sb-oxides,

were coated with 6 p-pulses of TMA to ensure complete surface
saturation. After storage in a nitrogen dry box environment for
approximately five months, samples were re-characterized via XPS.
XPS measurements indicated that the surface remained Sb-oxide
free and the amount of Ga; 03 had not increased.

3.2. Effect of H, plasma power

Epitaxially grown GaSb (100) samples were exposed to a H,
plasma pre-treatment with plasma powers varying from 25W to
100W for 10 min at a substrate temperature of 150 °C. Following
plasma exposure, samples were passivated with 6 p-pulses of TMA
prior to removal from vacuum. The effect on the surface morphol-
ogy as a function of the H, plasma power was measured by AFM,
as shown in Fig. 3. In contrast to the relatively rough, amorphous
native oxide found on the untreated GaSb surface (Fig. 3a), samples
exposed to H, plasma (Fig. 3c-f), reveal single atomic steps on the
order of 0.3 nm corresponding to approximately 1 monolayer. An
increase in plasma power leads to an increase in the kinetic energy
and possibly the density of plasma species. As a consequence there
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Fig. 2. Sb 3d and Ga 3d core-level XPS spectra for (a) the untreated 500 nm thick GaSb epilayer with native oxide, after exposure to (b) only TMA, (c) only an H, plasma, and

(d) an H; plasma followed by TMA.
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Fig. 3. 4 nm x 4 wm AFM images of an (a) untreated 500 nm thick GaSb epilayer surface with native oxide, (b) after exposure to only TMA, and after exposure to a H, plasma
for 10 min with varying plasma powers of (c) 25W, (d) 50W, (e) 75W, and (f) 100 W. Plasma exposure was followed by a TMA exposure for samples (c)-(f). (Atomic steps

within images (b)-(f) are aligned with respect to sample orientation.)

isanincrease in surface etching with increased plasma power; gen-
erally producing shorter terrace widths, smoother leading edges,
and decreasing the peak-to-valley height. Overall, the surfaces
appear more uniform as plasma power increases.

Fig. 4 plots the high-resolution XPS spectra of the Sb 3d and
Ga 3d core levels for (a) the untreated native-oxide covered GaSbh
epilayer and samples exposed to a H, plasma with a power of

(b) 25W, (c) 50W, (d) 75W, and (e) 100 W. The Sb 3d spectra of
the untreated epilayer (Fig. 4a) shows both spin-orbit components,
Sb 3ds); and Sb 3ds,, with additional peaks positioned at higher
binding energies relative to the substrate peaks, indicative of the
Sb—0 chemical shift. Detailed non-linear curve fitting of both the
Sb 3d and the Ga 3d for the untreated GaSb epilayer indicate a
native oxide present on the surface composed of Sb,04, Ga,0, and
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Fig. 4. Sb 3d and Ga 3d core-level XPS spectra for (a) the untreated 500 nm thick GaSb epilayer with native oxide and after exposure to an H, plasma for 10 min with varying
plasma powers of (b) 25W, (c) 50W, (d) 75W, and (e) 100 W. Following plasma exposure, samples (b)-(e) were coated with TMA.
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Fig. 5. 4 um x 4 wm AFM images of a 500 nm thick GaSb epilayer surface after exposure to a 50 W H, plasma for 10 min at various substrate temperatures: (a) 150°C, (b)
200°C, (c) 250°C, and (d) 300°C. Plasma exposure was followed by a TMA exposure for all samples. (Atomic steps within images (a)-(c) are aligned with respect to sample

orientation.)

Gay03. Samples exposed to a 25 W plasma show very little change
in either the Sb—0 or Ga—O peaks; however, as the plasma power
was increased, the Sb,04 was completely removed. Additionally, a
reduction in the Sb 3ds;, and Sb 3d;), peak intensities is observed
for plasma powers greater than 50W (Fig. 4c—e). This decrease
in intensities is attributed to a decrease in elemental Sb and not
attenuation due to a Ga,03 over-layer, since the intensity of the
GaSb peak seen in the Ga 3d spectra remains constant. Although
a plasma power of 50 W or greater is adequate in removing Sb-
oxides from the surface, that does not appear to be the case for
the Ga-oxides. The increase in intensity at higher binding energies
indicates a redistribution of oxygen from the Sb to the Ga, creating
a more Ga, 03 rich surface, as shown in Fig. 4c-e.

3.3. Effect of substrate temperature during H, plasma exposure

Experiments were carried out to examine the influence of sub-
strate temperature on the reduction of native oxides found on the
GaSb surface during exposure to a H, plasma. Epitaxially grown
GaSb(100)samples were exposed to a H, plasma pre-treatment for
10 min with a plasma power of 50 W for the substrate temperatures
150°C, 200°C, 250°C, and 300°C. Fig. 5 demonstrates the effect of
the substrate temperature on the surface morphology as measured
by AFM. Scans for substrate temperatures of 150-250 °C (Fig. 5a—c)
reveal single atomic terraces on the order of 0.3 nm in step height.
As the substrate temperature increases, terrace widths become
shorter, the peak-to-valley height decreases, and an increase in the
RMS roughness is observed. In addition, Fig. 5d reveals a very rough
surface with a significant amount of pitting when the substrate
temperature was raised to 300°C. This behavior is due to Sb out
diffusing through the substrate and eventually desorbing from the

surface; leaving a Ga-rich surface, where the Ga migrates and cre-
ates droplets across the surface, as seen in 1 pm x 1 wm AFM scans
(not shown here).

Fig. 6 displays XPS spectra of the GaSb sample with (a) the initial
native oxide and those exposed to a 50 W H, plasma for 10 min for
four different temperatures: (b) 150°C, (c) 200°C, (d) 250°C, and
(e)300°C. The Sb 3d spectra indicate that the Sb;04 is completely
removed for all substrate temperatures, as noted by the lack of a
companion peak on the Sb 3ds,. Furthermore, a reduction in ele-
mental Sb is observed for increased substrate temperatures, with
250°C(Fig. 6d) exhibiting the weakest Sb 3d peak intensity. In asso-
ciation with increased substrate temperature, an increase in the
Gay03 peak intensity is observed indicating a transfer of oxygen
from Sb to Ga, as well as the development of a Ga O3 over-layer. The
mild increase in surface roughness seen in Fig. 5a-c is attributed to
the elemental Sb desorption. Conversely, when the substrate tem-
perature was raised to 300 °C (Fig. 6e), there was a resurgence of
the Sb 3d peak intensities, as well as a decrease in the Ga;03. The
Ga—Ga bonding expected from the presence of the Ga droplets is
obscured by the GaSb peak in the Ga 3d spectra.

3.4. Effect of H, plasma exposure time

MBE grown GaSb (100) samples were exposed to a 50W H,
plasma pre-treatment for 1, 5, 10, 20, 30, and 60 min exposure times
at a substrate temperature of 150 °C. The influence of the plasma
exposure time on the surface morphology as measured by AFM is
seen in Fig. 7. Upon plasma exposure, atomic terraces with steps
on the order of 0.3 nm are revealed. However, prolonged exposure
led to an increase in surface etching, where by 60 min (Fig. 7f) the
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Fig. 6. Sb 3d and Ga 3d core-level XPS spectra for the (a) untreated 500 nm thick GaSb epilayer with native oxide and after exposure to a 50 W H, plasma for 10 min at various
substrate temperatures: (b) 150°C, (¢) 200°C, (d) 250°C, and (e) 300 °C. Following plasma exposures samples were coated with TMA.

atomic terraces are almost gone; yet, the RMS roughness did not
greatly increase after a 1 min exposure (Fig. 7b).

Fig. 8 shows the evolution of the Sb 3d and Ga 3d core levels as
a function of the plasma exposure time. Samples exposed to a H,
plasma for 10 min or longer (Fig. 8b-e) exhibit complete removal
of the Sb04, Furthermore, very little change in the Sb 3ds/, and
Sb 3ds), peak intensities is seen, suggesting there was little to no
additional removal of elemental Sb. Additionally, the increase in
the O 1s peak intensity for the 20 min exposure corresponds to the
increase in Ga,03, as seen in the Ga 3d core spectra. Longer expo-
sure times had little added influence on the surface composition
after 20 min.

Untreated

800nm parg 0.23nm 800nm

RMS ~0.24nm

3.5. Electrical characterization

To assess the electrical quality of the oxide/semiconductor
interface, C-V measurements were made on circular MOS capaci-
tors ranging from 60 pum to 100 m in diameter [1]. Fig. 9 plots the
C-V characteristics for frequencies ranging from 4 kHz to 2 MHz
for capacitors on p-type GaSb with four different H, plasma pre-
treatments: (a) the untreated GaSb epilayer, (b) a 100W plasma
power for 10 min at a substrate temperature of 150°C, (c) 50 W
plasma power for 10 min at a substrate temperature of 250 °C, and
(d) a 50W plasma power for 20 min at a substrate temperature
of 150°C. The untreated sample (Fig. 9a) shows a virtually static

" 806nm - RMS ~ 0.26mn”

Fig. 7. 4 pm x 4 um AFM images of a (a) 500 nm thick GaSb epilayer surface with native oxide and after exposure to a 50 W H; plasma for: (b) 1 min, (c) 5 min, (d) 20 min,
(e) 30 min, and (f) 60 min. Plasma exposure was followed by a TMA exposure for samples (b)—(f). (Atomic steps within images (b)-(f) are aligned with respect to sample

orientation.)
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Fig. 8. Sb 3d and Ga 3d core-level XPS spectra for the untreated 500 nm thick GaSb epilayer (a) and after exposure to a 50 W H; plasma at a substrate temperature of 150°C
for (b) 10, (c) 20, (d) 30, and (e) 60 min. Following plasma exposures samples were coated with TMA.

capacitance regardless of applied gate bias, indicating a pinned
Fermi-level at the insulator/semiconductor interface and sug-
gesting a high density of interface states that prevents adequate
Fermi-level movement within the semiconductor. Additionally, a
significant amount of frequency dispersion is seen in accumulation
over the given frequency range, a further indication of interface or
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near-interface trap states. However, C-V measurements of samples
exposed to a Hy plasma (Fig. 9b-d) display the familiar frequency
variation expected for MOS capacitors, indicating that the Fermi-
level is sufficiently unpinned to sweep the semiconductor from
accumulation through depletion to inversion. Additionally, the
amount of frequency dispersion in accumulation decreased,
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Fig. 9. Frequency-resolved C-V measurements for GaSb MOS capacitors fabricated on (a) an untreated GaSb substrate and on substrates exposed to H, plasma pretreatments
using best case plasma parameters: (b) 100 W, 10 min, 150°C, (c) 50 W, 10 min, 250°C, and (d) 50 W, 20 min, 150 °C.
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representing a reduction in trap states near the valence band. Not
all treated samples showed unpinned C-V performance; however,
good capacitance characteristics were achieved by independently
increasing the plasma power (>100W), plasma exposure time
(>20min), and the substrate temperature (up to 250°C). Samples
exhibiting the highest capacitance modulation (Fig. 9b-d) cor-
related with the absence of Sb-oxides, a reduction in surface Sb,
and the presence of a Ga,;03 interlayer, suggesting that complete
removal of all surface oxides prior to dielectric deposition may not
be necessary for achieving good electrical interfaces [1]. Selected
samples were remeasured after ~5 months and no change was
detected in device behavior.

4. Discussion

GasSb is known to have a highly reactive surface and can form a
thick (~3-5nm)[10,11], complex native oxide consisting of Sb,0s,
Sb,03,Ga;03,and Ga;0[10-12,18]. Elemental Sb can also be incor-
porated into the film through the reactions:

4Gasb + 30, - 2Ga03 +4Sb (1)

2GaSb + Sb,03 — Gay03 +4Sb 2)

With the production of this complex layer occurring almost instan-
taneously at room temperature, the resulting interface exhibits a
high density of trap states, which significantly hampers the inte-
gration of GaSb with high-k gate dielectrics.

In recent years, plasma processing has become an increasingly
important practice in the semiconductor industry; however, it is
a complex technique that involves a variety of particles including
electrons, ions, neutrals, radicals, atoms, and highly energetic rota-
tional and vibrational (rv) molecules [24,25]. In our reactor, the
presence of the grid limits the impact of charged ions on the sam-
ple, with the primary plasma products being highly reactive neutral
hydrogen species such as H, H, H,™ [24]; even so, only a limited
understanding of the surface reactions is known.

In the presence of a H, plasma, the complete removal of Sb-
oxide from the top-most layer of the native oxide is attributed to
the ready formation of volatile species following the reaction [26]:

Sb205+10H0—> Sb203 +2H,0 4 +3H; — 2Sb p +3H,0 (3)

where the elemental Sb and water desorb from the surface. It is also
possible that some SbHj is formed [26]. Conversely, Ga;03 found
on the surface is reduced to a more volatile Ga; O and water through
the reaction [26]:

Gay03 +4H% < Ga,0 + 2H,0 1. (4)

At a high enough substrate temperature the resulting Ga,O
would freely desorb from the surface, eventually resulting in an
oxide free surface. However, when the substrate temperature is
less than that of the onset of desorption (i.e. <400 °C) the oxygen-
deficient layer eventually covers the surface and greatly decreases
the rate of Ga,0 formation[11,27]. In fact, a Ga,0j3 rich layer is
created by the reoxidation of the Ga,O due to excess oxygen in
the system arising from the production of H,0 in Eq. (3) and (4),
desorption of water from the reactor walls, as well as migrating O,
from the decomposition of Sb-oxides:

2Sb;05 — 2Sby03 +205 — 4Sb 4 +50,; (5)

Furthermore, Ga, O is unstable in bulk and can undergo the fol-
lowing disproportionation reaction [27]:

3Ga,0 — 4Ga + Ga,03 (6)

Additionally, as shown in Eq. (2), Sb-oxide found near the
GaSb interface reacts with the underlying GaSb substrate forming
Gay03 and elemental Sb [12,20]. The kinetics of this reaction are
greatly enhanced at temperatures above 200 °Cleading to increased
decomposition of the Sb-oxides [11,12]. Subsequently, the elemen-
tal Sb then desorbs leaving a Ga; 03 rich surface.

Several of the reactions observed here, in particular Eq. (5), are
thermally activated and not expected to progress significantly at
the nominal substrate temperatures used. However, the presence
of a plasma can significantly increase the local surface tempera-
ture through the energy flux that results from energetic particle
bombardment, chemical surface reactions and heat radiation. Local
temperature increases of >50°C have been reported for systems
comparable to that used here [25], allowing decomposition and
desorption reactions to occur at lower-than-expected nominal sub-
strate temperatures.

Many trends observed with varying plasma power, substrate
temperature, and time may, at least in part, be attributed to plasma-
induced variations in local surface temperature [25]. Increasing
plasma power leads to an increase in the kinetic energy of the
plasma species, especially the roto-vibrationally excited hydrogen
molecules (H,™), which in turn increases the surface temperature
[24,25]. For the powers investigated here, the surface temperature
was too low for Ga;O desorption to offset the thermal transfer
of oxygen, and instead of complete oxide removal, a more sta-
ble Ga,03 layer was formed as indicated by the XPS spectra in
Fig. 4.

Similarly, an increase in the substrate temperature contributes
to an increased surface temperature, inducing Ga,;03 formation
for substrate temperatures up to 250°C. Conversely, at 300°C it
is conceivable that the surface temperature becomes high enough
to increase the Ga,O desorption from the surface, inhibiting
further Ga,03; formation. However, the increased surface tem-
perature also led to the decomposition of the underlying GaSb
substrate, as evident from the AFM scan in Fig. 5d, where Sb
from within the substrate migrated to the surface and eventually
desorbed.

The trends observed with time may also be attributed to plasma-
induced surface heating. Initially, when a surface is exposed to
plasma, energy is transferred and the energy flux from the plasma
species will exceed the heat output of the surface, causing the sur-
face temperature to rise until a thermal equilibrium state is reached
[25]. The steady state temperature is determined by a balance of
energy gain from the plasma and energy loss by either conduction
or radiation [25]. The time it takes to reach equilibrium varies from
system to system and is dependent upon reactor design, pressure
regimes, and the process gases used. Kersten et al. reported that
temperature equilibrium took more than 10 min for a similar sys-
tem as used in this work [25]. Therefore, it is reasonable to believe
that the stark difference of the Ga 3d XPS spectra found in Fig. 8
between the (b) 10 min and (c) 20 min cases is due to the ramp-
ing up of the surface temperature. However, once the steady-state
surface temperature is reached, the Ga,0 desorption rate and the
Gay 03 formation rate are in equilibrium, thus minimal changes in
surface chemistry are expected with additional plasma exposure
time.

5. Conclusion

We investigated the use of an in situ H, plasma pre-treatment as
ameans to obtain a high quality electrical interface between p-GaSb
substrates and high-k Al,03 films deposited via PEALD. H, plasma
exposure was observed to completely remove Sb-oxides, reduce
elemental Sb, and increase Ga,03 for adequate plasma parame-
ters. Results indicate that the reaction rate for oxide removal and
redistribution is a function of the density of hydrogen species, the
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kinetic energy, and importantly the surface temperature, which can
be adjusted by tuning the plasma power, plasma exposure time,
and/or the external substrate temperature. From electrical mea-
surements, samples exhibiting the highest capacitance modulation
correlated with the highest Ga, O3 interfacial content leading to the
conclusion that an oxide free surface may not be necessary for opti-
mal electrical performance. The use of an in situ hydrogen plasma
pre-treatment eliminates the need for wet chemical etches and may
also be relevant to the deposition of alternative high-k dielectrics
such as HfO,, making it a promising technique for realizing high
performance Sb-based MOS-devices.
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